A thermodynamic methodology of TDC determination in IC engines based on a motoring pressure-time diagram is presented. This method consists in entropy calculation and temperature-entropy diagram analysis. When the TDC position is well calibrated, compression and expansion strokes under motoring conditions are symmetrical with respect to the peak temperature in the (T,S) diagram. Moreover, in case of error on the TDC position, a loop appears, which has no thermodynamic significance. Hence, an easy methodology has been conceived to obtain the actual position of TDC. This methodology is applied to motoring measurements in order to present its performance, which are compared to usual methods.
INTRODUCTION
The recording of accurate indicator diagrams is very difficult but is of great importance. Among the many sources of error, a wrong TDC position, leading to an incorrect (P,V) diagram, has been recognized as the major source of error on thermodynamic calculation results such as IMEP (Indicated Mean Effective Pressure), mass fraction burned or combustion duration. Hribernik [4] proposes a formulation giving the ratio between the IMEP error (in %) and the TDC position error (in °CA).
(1)
The main difficulty in locating TDC is that the peak pressure under motoring conditions precedes the TDC position (corresponding to the minimum volume) because of heat transfer and mass losses: it is the loss angle (figure 1). Thus, previous studies In this paper, the TDC phase lag error ∆ϕ is defined as the angle between the peak pressure with the actual TDC and the peak pressure with a wrong TDC, as shown on figure 1.
BACKGROUND
In 1967, Brown [1] identified the main sources of error in pressure measurements. One of them was the shift between pressure and crank angle. He proposed a correction using the polytropic exponent obtained from experimental data: (2) Stas [9] proposed another method based on polytropic coefficients calculated at the inflexion point occurring during the compression and expansion strokes (figure 2). According to Stas, this methodology allows to locate TDC with an accuracy of about ± 0.1°CA. Note that the calculation of polytropic coefficients uses and , which can cause numerical errors.
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The location of TDC can be determined using the symmetry of the pressure-time diagram under motoring conditions. It is the method used by the MACAO software OSIRIS [7] . It constitutes pairs of points (A, A'), (B, B'), and so on. This angle must be corrected to give the actual TDC location. OSIRIS calculates this correction on the basis of the engine characteristics, the peak pressure and the inlet pressure.
Calibration results from most of methods depend on the heat transfer coefficient. For instance, Pinchon [6] proposed a calibration based on the IMEP and the peak pressure:
This method uses Woschni's correlation with a corrective factor of 1.7. Its accuracy is then very dependent on the accuracy of the heat transfer correlation. In that context, the purpose of the method proposed in this paper is to present a general method to determine the TDC position using an experimental pressure-time diagram under motoring conditions and the analysis of its transformation into temperature-entropy diagram. Such a method is fully independent of any heat transfer correlation or polytropic exponent calculation.
THERMODYNAMIC MODEL
A thermodynamic model for motoring simulations has been developed and simulates the whole engine cycle, from the inlet to the exhaust. It corresponds to a onezone thermodynamic model for performance predictions but with no combustion, Heywood In cylinder gas are assumed to be ideal gas, and specific heats are supposed to depend on the temperature only:
The ideal gas law and the first principle of thermodynamics applied to the chamber respectively give cylinder pressure and temperature:
In equation (6) , is the work due to in-cylinder gas, and is heat losses through the chamber walls.
Assuming that leakage is negligible, the change of the mass in the control volume is only due to flow-rates through inlet and exhaust valves: 
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where C d is a constant valve discharge coefficient, is the geometrical valve flow area taken as a function of sine, and equals 1 during intake, -1 during exhaust and 0 during the other strokes. The pressure ratio is defined according to :
Where the sonic pressure ratio is defined by:
The subscript upst designates the manifold during intake and the cylinder during exhaust.
The heat transfer to the walls under motoring conditions is due to convection:
The wall temperature is assumed constant and uniform. The heat transfer coefficient is calculated with Hohenberg's correlation:
The instantaneous cylinder volume and heat exchange surface between gas and chamber walls are known analytically with respect to the engine's geometrical characteristics and to the crankshaft angle.
Input and output of the predictive model are summarised on figure 4.
This model allows simulating engine cycles under motoring conditions with actual and wrong TDC.
TEMPERATURE-ENTROPY DIAGRAM
During compression and expansion strokes, the in cylinder mass is supposed constant, and the temperature is obtained from the pressure diagram (either numerically or experimentally) using a reformulation of eq (5): 
Two points are defined in part of other of the peak temperature , such as (figure 5):
Note that the peak temperature is not necessary located at TDC.
The specific entropy leads to:
Near TDC, the change of the volume can be neglected. Under these conditions:
As is small, specific heat and can be assumed constant. During the compression stroke, equation 14 becomes:
Using a first order Taylor's development, equation (16) can be rewritten:
The same assumptions are applied to the expansion stroke:
Equations 17 and 18 lead to:
Equation 19 shows that the entropy varies symmetrically around the peak temperature. In other words, the temperature-entropy diagram must be completely symmetrical with respect to . The existence of this loop appears to be a new way to locate TDC. But one must verify the robustness of this way before conceiving a new methodology. In order to be validated, the new method is then compared to other existing methods and is applied to an experimental pressure-time diagram.
TESTS OF ROBUSTNESS
Three variables are tested. The first one is the engine throttle. The second one is the in cylinder mass since this value is difficult to known accurately. The last one is the volumetric compression ratio, in order to extend the method to any kind of engines. 
IN-CYLINDER MASS -Errors can be done in the cal-
culation of the mass contained in the cylinder. These are mainly due to errors on the inlet flow-rate measurement and to assumptions made to estimate the mass of residual gas. Moreover, the in-cylinder mass is not constant during compression and expansion strokes because of leakage.
The following sensitivity study uses the following definition: Figure 9 . Simulated (T,S) diagram for different incylinder masses
Even if a mass error is introduced, figure 9 shows that the loop exists for a shift of +0.5°CA and is always vanished for a shift of +0.45°CA (figure 10). This means that the error on the mass inside the cylinder has no effect on the loop.
3. COMPRESSION RATIO -In order to apply the method to any kind of engines, the loop must be independent of the compression ratio. Simulated (T,S) diagrams for three different compression ratios have shown that the loop exists for all of them (figure 11). In any case, the loop is vanished for an error on the TDC position of +0.45°CA.
The three tests of sensitivity allow concluding that this new method can be applied for any kind of engine, at any open throttle.
Mass used Mass True Mass Error
= − ( ) 1
COMPARISON WITH THE POLYTROPIC EXPONENT METHOD
The (T,S) diagram can easily be compared to the polytropic exponent curvature. Figure 12 shows the evolution of the polytropic exponent versus crankshaft angle proposed by Hribernik [4] for an ideal adiabatic cycle. Figure 12 . Simulated (n,θ) diagram for an ideal cycle He wrote that "the curves lie in the quadrants II and IV when the phase lag error is positive and in the quadrants I and III when the error is negative" Note that, the hyperbolic aspect of the polytropic exponent is due to its formula (equation 2).
The curve (n,θ) is a horizontal line for an actual TDC in this case (adiabatic cycle).
For an actual calibration and an ideal adiabatic cycle, the (T,S) diagram becomes a vertical line, as shown on figure 13. 
METHODOLOGY FOR THE CALIBRATION OF TDC
A new methodology can be proposed if one remarks that:
When the compression stroke is described, one retains the maximum of entropy . This value is compared to the value of the entropy at the peak temperature. If is superior to (case a on figure 15) then the TDC position must be decreased by a constant step of 0.1°CA. This operation must be iterated until the convergence. Note this angle, (case B).
Finally, adding and -0.45°CA gives the actual calibration (case C). The following point must be underlined: this methodology assumes that initially, the peak pressure under motoring conditions is before the actual TDC position.
This condition is imperative since the loop does not exist for negative TDC phase lag (figure 16). In this case, an anomaly in a thermodynamic point of view appears on the entropy variation during the compression stroke (positive instead of negative) and at the expansion stroke (idem). This phenomenon can not occur during these strokes, as the cylinder gas temperature is higher than the wall temperature.
Being given that the criteria for a negative TDC phase lag is difficult to obtain but not for a positive TDC phase lag, the new methodology proposed in this paper is essential.
TEST RESULTS
The method has been tested on a SI engine. Pressuretime diagrams have been recorded with OSIRIS with an acquisition every 1°CA.
Engine characteristics are the following:
The data acquisition system for the cylinder pressure is composed by:
• A first correction of -0.1°CA is applied ( figure 18 ). As simulations have shown that the loop disappears for a TDC phase lag of 0.45°CA, the actual correction that should be applied to the physical position of the crankshaft angle encoder is -1.75°CA.
Note that it is impossible to obtain the conditions required by the automatic procedure of OSIRIS for locating TDC (3000 rev/min, 25% WOT, no fuel injection), since the engine speed is imposed by the generator at 1500 rev/ min. Despite this, the difference observed between OSIRIS procedure and the new methodology is only -0.15°CA.
With this correction, the experimental temperatureentropy diagram is fairly symmetric with respect to the peak temperature (figure 20). The usual method [7] is in accordance with the calibration since the pressure diagram versus crankshaft angle is symmetric ( figure 22 ).
In addition, the polytropic exponent evolution is in accordance too, especially in the quadrants II and IV (figure 23). A correction step of 0.1°CA has been chosen. It determines the accuracy of the method, since CASE B -figure 15 will be reached with a maximum error equal to the step, i.e. 0.1°CA. Thus, the authors evaluate the accuracy of the new method at ±0.1°CA.
CONCLUSION
The interpretation of the temperature-entropy diagram is a right way to obtain the TDC position. In fact, a physical error on the crankshaft encoder induces a loop, which has no thermodynamic sense. On this basis, a simple algorithm is proposed to obtain the actual TDC position.
Two advantages can be underlined in relation with previous papers. Firstly, this new methodology is robust and independent of heat transfer coefficient and mass losses. Secondly, the algorithm is easy to implement and does not generate numerical difficulties or errors. It has been applied with success on a real engine.
